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Abstract

Recently two standards for MANs, FDDI and DQDB, have emerged as
the primary competitors for the MAN arena. Greal interest exists in build-
ing higher speed networks which support large numbers of node and greater
distance, and it is not clear what types of protocnls are needed for Lhis type
of environment, There iz some question as to whether or not these MAN
standards can be extended 1o such environmments,

This paper fuvestigates the extensibility of DD Lo the the Ghps range
and along distanee environment. It does this fiest by showing which specifi-
cation parameters affect performance and providing a measure for predicting
utilization of FDDI. A comparison of FDDU at 100Mbps and 1Ghps is pre-
sented. Some specific problems with FDDI arn addressed and modifications
which improve the viability of FDDTin sach high speed networks are investi-
gated, !

II'his work was supported by CI'T grant REF-89.002-01, NASA grant. NAG-1-908 and Sun Mi-
crosystem grant RF 596043,



1 Introduction

Network data rates are commmercially available at rates in Che TOOMbps per eliannel
class. The two most pronnnent of Lhose are competing, MAN standards 11D DI[20]
and DQDBQPSX)[5] and much research is currently ongoing in an effort to better
understand their performance capabilities and limitations[®,2]. Rescarch, however,
is going forward and a national research initiative is underway Lo develop Ghps
nctworks Lo he employed as a backbone for a national rescarch network[9].

Many questions still remain as to the approach which can besh suil Lthe require-
ments of such a nelwork., A national network will likely transporl synchronous and
asychronous traflic, support large numbers of nodes (al least 100 and likely over
1000)
of considering these Lypes of parameter ranges can be very negative for Loken rings
due Lo increased token cycle time and for CSMA/CD due to the increased slot. times.
No known research exists Lo show how IFDDI and DQDB are alfected. Current na-

and be spread over very Larpe distances (over 1000 Kilomelers). The impact,

A

Lional nctworks are very slow packel networks on the order of 56Kbps. As we move
towards Ghps speeds, the networks will be much more expensive and efficieney will
beecome a much more important. factor,

[ncreased data rates conld be accomplished by focusing on the development of
transmitler/receiver devices which are capable of funclioning at such high rates(7,
11,16,18}, i.e. just build gighit speed lasers. There are of course numerous problems
associated with such high speed deviees other than Lhe Lransmiller /receivers them-
sclves, such as how to build compnters which can process data al the rate of the
nctwork and what types of protocols would work best at these rales. [or example,
[9] suggests that it might be necessary to structure packel sizes Lo be large in order
to minimize overhead impact.

Another approach is lo examine how currenl transmiller/recciver technology
can be oplimized to improve characteristics snch as throughput and delay. Parallel
channels show some promise for improved pecformance [13,12,14] and is the subject,
of some rescarch. Many archilectures have been proposed in an altempt to design
morc cllicient nctworks. Strategies have included ‘train’ protocols [22,21,10}, hy-
brid CSMA/CD protocols[3,15,13,12,4], slotted and register insertion rings(6], and
numcrous others.

In this paper | will examine Lhe viability for scaling I'DDI, a 100Mbps token
ring protocol, to Lthe type of environment. menlioned above. A number of problems
will be defined and a suggestion for performance improvement will be given. The
suggestion for performance enhancement is applicable Lo token ring networks al any
speed and distance and provides a {ramework for improving other types of networks.
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2 IF'DDI

2.1 Basic Token Ring

A token ring network s distinguished by the manner in which Lransmission rights
are granted Lo nodes on the network. The token packel circulates on the ring,
passing by cach node. If a node’s queue is ciapty, it simply continucs circulating
the token to the next node. Tlowever, if the node has a message in ils quene to
Lransmil, it will elfectively remove the token by changing somne information in the
packel. The token itscll is not actually removed, but is transmitled in some altered
form such that subscquent nodes will not sce it as a token and will nol attempt
to transmil. The modified token continues cicculating and is ceventually consumed
(not retransmitted) when it reaches the node which is in the process of transmitling
(holding Lthe loken).

Figure | illustrates how the token is ‘cemoved’. Nade 4 has a message for node 2
and is waiting for the token hefore initiating transmission. Figure 1.0 shows Lhal the
token has been modified so that it will not be recognized as such and the message
has been placed on the network. Part e shows that the token has been relransimitted
on the network and is available for subsequent nse.

As the Loken continues aronnd the ring, subsequent. nodes remove the token and
append another packet. This scenario is illustrated in Figure 2 where node 1 has a
message for node 5. Inorder Lo send the messape, the Loken is modified, the message
(or node 5 s transmitled and anew token is made available to the other nodes. The
nelwork becomes filled with messages and old fokens. AL nosl one real Loken is on
the network at any instant of Lime.

The exact time al which the old tokens and messages are removed is dependent
upon the distance of the uetwork, the length of the packet and the data rate of
the network. The most important factor to note is that all nodes except the node
holding the token are forwarding messages. The node holding the token does nol
forward the incoming message but instead forwards its own message. Incoming
messages arc lost. Eventually, the old foken will encounter a node which is in the
process of Lransmitling a message and be removed.

Data packets are removed in a slightly different manner. 1L is important that
they be removed by the sender so that a receiver will nol aceepl Lthe message a
sccond time il it recirculates. The tail of the message is removed(modified) at the
sender once the address is recognized, whereas Lthe fragments of the headers of these
packels arc removed as mentioned above[19].

2.2 Token Rotation Time

The decentralized access mechanism of a token ring prolocol can place limitations
on how long a station has access to the network once it obtlains the token. The
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Figure 12 Token Ring Protocol Token Capture

approach in 'DDI is to linil the amonnt of fime Tor which one staion can hold
the token(23]. Bach node has a Limer which is resel when the token arrives. When
the token returns, the node may capluce it only for an amount of Lime which will
assurc that the token will return within a specific time period. This Lime period is
the Targel Token Hotation Time, TTIT. The value of Lhis parameter is negolialed
amongst. all nodes on the network aned is essentially the smallest value selected by
any node. This defines the maxdimum amount of Lime hetween aceess to Lhe nelwork
and should provide for synchronous traffic,

Althongh it can be shown that the algorithm will gnarantee that the token will
return within the negotiated time frame on the average(8], it can not be guaranteed
that the node will be able to hold the token at all once il returns. This has serious
implications {or periodic traflic and maximum throughput and will be examined in
the next section.

3 Impact of Token Rotation Time

Jolinson[8] provides analysis concerning the timing requirements of FDDI for both
the ideal and the non-ideal(including overhead) cases. For the ideal case, the Loken
can always be guarantecd o relurn to the station within 2+ TOP R where TOPR s
the current operating valuc of the TT' T, within which the token should rcturn. For
example, il the currently negotiated valuc of TOPR is 125 pscconds, then the token
can only be guaranteed Lo return within 250 pscconds. 1L would appear then that
one would simply negoliale for one-half of the desired TT'RT and then the proper
availability of the token could be assured. For reasons of maximizing ntilizalion of
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Figure 2 Token Ring Protocol Withoul Removal al Destination

the nelbwork, there is compelling molivation to have a large value of TT'RT thus
resulting in a tradeofl hetween Lhe design objeclive Lo support synchronous traflic
and the need for high utilization. T'he following section illustrates the impact of
TTRT on ulilization.

3.1  Paramcters affecting TTRT

As ciled in [3], the primary components of ring overhead are as {ollows.
i A [ g

e Tolal Propagation Delay (D,.,,,) is determined by mdtiplying the propagation
delay for fiber optic media (5085 ns/km) by the length of the nelwork.

e Lateney (L) ocenvs al each node and is efleclively the delay between Lhe time
a bit arrives as a node and departs the node. Therefore, if one examines Lhe
round Lrip of a single bit around the network, the delay is increased by the
lalency al cach node limes Lthe number of nodes. Ly, represents the total
latency of the network( L = NV x L).

e The number of nodes to capture the token, N, increases the delay of the to-
ken rotation. In the minimal delay case, no node nceds the token and this
component is nothing, but no information is transmitled. By focusing upon
the process of transmilling a frame al a single node, this overhead becomes
apparent. The head of the token arrives at the node and is passed on to the
rest of the network while the node wailing to transmit identifies this as the
token. Recognition takes place before the tail of the token is retransmitted,
providing Lhe capluring node the opportunity to modily the end of the token,



transforming it into a non-token frame, and thereby capturing the token. The
delay required to accomplish this is incorporated into Lateney, 1, The node
Lhen proceeds Lo transmit its packet and refransmif the token 1o ils neighbor-

ing node as explained in the section Basic Token Ring and Figure 2.

e As cach node caplures Lhe token and retransmits il, an additional delay equal
to the Token Transmission Time (77) will be incnrred. Note that the delay
from message transmission does not contribute to overhead delay.

o The design specifications of FDDI[20] allow for a maximum Transmitler Idle
Time(T;). This represents the time which is required belween recognition of
the token by the node and heginning of transmission of the frame.  As in
the previous item, this iz only a factor when nodes are actually capturing the

Loken. .

Specified times for these delay components can be found in (200

Lateney per connection 600 ns=
Token Transnussion Tine 8RO nis
Max Transmitter dle Time 3500 ns

Consider three seenarios for FDDI as a hasis for evaluating the iinpact of these

paramchbers:

L. 10 nodes separated by a distance of 100 meters cach (1 km total) - representing

a backbone for interconnecting local area networks,

2. 3 nodes separated by a distance of 10 meters each (30 meters Lobal) - represent-
ing the connection of two mainframe/supercompiiters or peripheral equipment,
which is in a close physical proximity, :

3. 500 nodes each separated by a distance of 100 meters cach (50 Kin Lotal) -
representing a HSLDN or MAN.

Table 1 illustrates the delays? inherent in each of the scenarios. The difference
between MAX and MIN TOTAL DELAY is the number of nodes transmitling on a
token rotation.

One can sce thal as lalency improves below 60us, the cffect will be significant,
only in the MIN TOTAL DELAY for mainframe cnvironments.

25 one hit delay is equivalent Lo 10 ns for a 100Mbps network

6
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Latencey @ 600 us per node

1.Backbone  2.Mainframes 3.HSLDN
Prop Declay (])},,.,,,,) 5.085 s 0.1526ts 25431
Latency (Liw) Gyis 1.8 300;1s
Max Token Trans (77) .8y 2.64y1s 440yts
Max Trans Idle (77) 35s 10.5/1s 1750
MAX TOTAL DELAY 04.885/1s 15.09261s 0033is
MIN TOTAL DISLAY 11.0851s 1.9526,ts 284315

Latency @ 60 ns per node

I.Backbone 2. Mammframes 3.JISLDN
Prop Delay (Dpop) 5.0851s 0.1526s 254318
Latency (L) Oyis A8ps 30/ts
Max Token Trans (7}) S.8/s 2.64s 440115
Max Trans Idle (T3) 35s 10.54s 17501s
MAX TOTAL DELAY 49.48H 18 15.0926/ts 4763 1s
MIN TOTAL DELAY 5.685/1s 332618 25731s

Table 1: Overhead Delay Parameters for IFDDI Scenarios

-1




3.2 'T'TRT vs Utilization

The purpose of this analysis s Lo develop a tool which s reasonably simple Lo nse
and which will be able to predict maximum utilization of an 'DDI network. Prac-
tically all aspects of the derivation use averapge values of the random variables with
focus given to heavily loaded conditions. Only asynchronous traflic is considered
with justification for ignoring synchronons traflic in the analysis being given in Lhe
following scction. The end of the analysis will provide results from a simulation of
FFDDI to illustrate the degree of accuracy of these approximalions.

All nodes on a I'DDI network use the same value of TTRT. If a node docs
nol. obtain the token in time to transmit its data and maintain the requred timing

resbraints, it simply forwards Lthe token to Lthe next node. One way of viewing

ntilization (U7) is Lo represented il as
. TTRT T RO

TrRT (1)

i

where T'RO represents the Token Rotation Ovechead. During a single round trip
ol the token, only a cortain percentage of the time can be spent sending data. The
rest of the time essentially represents the amonnt of time required to transmil the
token around the ring. Part of T'RO is fixed and independent of the network load.
All other factors remaining lixed, one can see that for a heavily loaded network,
increasing 7717 will increase utilization - al the expense of delay.  Ilere we
examine an estimation for utilization as a fanction of T'T'RT.

Using the teems developed in Lhe previons sections, T'RO can be expressed as

follows
TRO = N> (T 1) 4 Dyprop + Lot (2)

The number of nodes to capture the token on a rotation is dependent upon the
available bandwidth for transmission (7717 = T'RO), the packet length, load and
the number of packets transimitted by each node which eaptures the token. All of
the variables excepl NV, are static values, however, for this derivation, separate the
components of 1O into two Lerms as lollows, 7' 170, representing the component of
T RO which is independent of the number of packets transmitted and the dynamic

part T1RO,.

TRO = TRO, - T RO, (3)
TRO, = Dprop + litot (4)
TROy = N, x (T, +T3) (5)

The dynamic componenl. is determined by the number of nodes which capture
the token. Fach time the token is captured, there is a transmitter idle delay and a
relransmission of Lhe Loken. [t is possible that a node can transmil multiple packets
for a singlc token caplure. [ cach node capluring the Loken Lransmils twicc as many



messages, the token retransission(1}) and transmiller idle delays(7;) would occur
half as often.

Consider the range of values which V. has with the load uniformly distributed
among the nodes. Under low loads, few nodes have messages to transmil. As nel-
work load increases, N, increases, approaching the number of nodes on the network
N, then it decreases as the nelwork hecomes overloaded. In the last case, as nodes
have large quecucs, one Ltoken caplure resulls in a large number of packel transmis-
sions. Isventually, cach node holds the token for a period of time which precludes
olher nodes on the network from capturing the token until its next rolation.

As the queues al cach node overload, the ulilizalion aclually increases as there
are fewer Loken caplures per rotation; however, we are interested in determing the
maximum Leaflic which the network can support. without queue buildup. In such
an overloaded sitnation, the network cannot support the traflic levels even though
overall utilization may be higher. Therefore, it is assumed thal traffic is distributed
such that on the average a node only has a single packet(or less) Lo transmit per
token rotation and thal the maximum value of N, is N. The number of packels
which can be transmitted is dependent upon the number of packets which can be
Leansmitled during T°TRT = T'RO,. N, wonld be defined as

TR =TRO,

! e e
T AT

(6)

/\:’_, = ch ==

where
17 s the packet length
I? is Lthe transmission rale of the nelwork and
and NV, is the ninber of packets transmitted.

As Lthe load inereases, the number of nodes captaring Lhe Loken wonld have a
limit of
N. =N (7)

€

and the number of packets transmitled with maximum token capturcs N,ar would

be
7.»/:],.7' _ »,-I{()' _ /\, v r]v _{_ rI-v'
Noaas = —— oo e ir T) (8)

R

Substituting Equation 8 back in to Equation 1 , U can be cxpressed as

_rrnr -r1nRo, = N x (1 + T;)

U
TTRT

(9)

Figures 3 and 4 illustrate the predicted and real maximum utilization for the
backbone and MAN scenarios listed above.

9
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Figuee 3 Backbone Predicled Gitilization vs TRT

3.3 TTRT Inmpact on Synchronous Traffic

Synchronous traflic has not. been included in the previous analysis. Becanse syn-
chronons Lraffic by its nature places a uniform load on the system per token rotation,
we can initially consider il as an overhead of Lthe token rotation. After calculating
Lhe maximum ulifization as described above, add the pereentage of synchronous
traflic Lo the previous ulilization value to oblain the true utilization. The only ap-
proximation involved is due to Lthe mimber of Loken captures which could be higher
i, for example, synchronous traflic packets were small and distribnted to a large
nmber of nodes. This would further redinee masimum atilization.

Application of the previons resalls Lo Lypical synchronons Lrallic requirements
indicates that FDDI does not. support, synchronous traffic without significant de-
creasc in ubilizalion. ISDN compatability requires thal synchronous traflic must be
delivered al the rale of once every 125ps. In order Lo gnarantee this arrival rate,
A TTRT of 62.51s musl be established. For a conscrvalive estimate, assume that
TTRYT is 125ps, knowing that on the average 125pus will be atlainable although in
soinc instances packets may be lost duc to the inability to guarantee TTRT can be
mcl. Comparing this with the lower node latency and ignoring packet overhead, the
maximun utilization is ilustrated in Table 2.

The table indicates that FDDI could not support an acceptable ISDN interface
in most confligurations and that it would be extremely unlikely that synchronous
traflic with comparable periodicity could be supporled in a long distance (MAN)
cnvironment. [t is also interesting to note that in the scenario for a backbone, the

10
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Fipure 40 MAN Predicted Utilization vs T'RT

1.Backbone 2.Mainframes 3.HSLDN

MAX TOTAL DELAY 60% 88% ook
MIN TOTAIL DELAY 95.5% 99.9% oAk

Table 2: Maximum Utilization for 125ps TT'RT

<

utilization conld drop signilicantly depending upon the number of nodes which can
capture Lthe token on one rotation. This is of conrse also dependent on the packet

size being transmitled.



4 Scaling I'DDI to Gigabit Speeds

With the disparity hetween Che development of the speed of Lransimission Leehnology
(optical systems) and the speed of processing clements in a computer, one might,
ccasotably question the degree to which gigabit networks can be used at all. This
disparity between the speed of transiilter technology and processing clements is
toletable il large numbers of nodes can be viewed as using Lhe gigabil. speeds if
only for short durations. This is one reason Lo examine the scalability of FDDI in
terms of the number of nodes it will support. The previeus section also provided
soine insight as to the impact which number of nodes will have on performance. The
sccond most important factor Lo examine is nelwork length. Token ring ncefworks are
usually dependent upon short propagation delays for providing fasl nelwork access.

Given that this is not a detailed investigation, the two factors will not be ad-
dressed independently. Instead, the network configurations examined will look at
increasing the number of nodes while maintaining the same internode distance,
thereby increasing the network lenglh simultancously.

When considering the sealability of FDDI, one conld view a scahing ol Lhe trans.
miller with proportional scaling of the spead of Lhe nodes, or the transmitter speced
could be scaled leaving the node processing speeds (vahies of Transmitter Idle Time,
cte. discussed in the previous section) at the same rate. The data which follows is
an examination of the latter given its greater probability of occnrrence.

The parameler space examined here varies the number of nodes belween 100 and
SO0 maintaining internode distance at 100m, resulting in network lenglhs between
FORm and 50K The TTRT has been chosen at a level which allows for maximum
ulilization in the 75-90% range in general(10000 ps). The delay teems mentioned in
the previous scclion were constant in all runs. Packel size was fixed at 1000 bits.

Figure 5 shows access delay lor standard(100Mbps) and gigabit FDDI. The ver-
Lical axis scaling has been chosen to be Lwice TT RT(10000 its). This shows how
performance suflers dramatically in long-distance networks when more than one to-
ken rotation is required to deliver data. As expected, performance degrades in cach
graph as nodes and distance arc increased. The two graphs reveal thal gigabit FDDI
begins to degrade al approximalely 70%, whereas standard FDDI degrades slightly
afler 70%. Ounc might cxpecl that a faster Lransmission rale would mean shorter
dclays, however, these graphs tend Lo show comparable results. The reason is that
with a constant packel size there are more packels at 70% load in gigabit FDDI,
and more nodcs arc also Lransmitting. The previous section indicated the overhiead
associaled wilh token caplure and how it relates to the number of nodes.

The final graph in figure 5 combines the 100 and 500 nodes curves from the
previous two graphs. Surprisingly, it does nol appear that the scaling of the trans-
mitler is the issuc. Both speeds indicate similar performance curves. Number of
nodes and distance arc the factors which distinguish the shapes of the curves.

12
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5 Performance Improvement

As the data transmission rates and distanee covered by the networks increase, Lhe
number of sirmultancous packets on a nelwork increases deamatically. The parameter

a where

. length of dala path (10)
length of packel

represents this concept and frequently arises as a crucial parameter in nelwork per-
formance. For example, a network of 10 Mhps capacity, 2000 packet length and
LAN lenglh of 1 km can only hold 003125 packets al a time. Network desigus with
capacitics such as 1 Gbps, 100 km and packel lenghhs of 2000 byles, could contain
approximately 31 packets simultancously.

Ihcreasing the nwmber of packels on a nelwork as shown above demands that
greater attention be given to the management of 4hicse packels. Most LANs do
not have this problem of simultancous packets. Networks such as DQDB{17] which
cmploys a slotted scheme or DSMA/RN{4] which uses a hybrid CSMA/CD technique
may provide preater opportunity lor optimization of this packel capacity.

In addition, the metrics for network performance, or at least, onur view of them,
needs Lo be reconsidered. When analyzing the performance of a dala communica-
Lions nclwork, one typically uses utilization as a metric of cvaluation. If A 100Mbps
nelwork is capable of delivering 100Mbps of data, then the network is assumed Lo
have 100% utilizalion (ignoring packel overhead).

This 1007 limitation is based upon the assumption that ouly one node is Lrans-
mitling al a time. Il is only possible for one node Lo Lransmit al a time as in most
CSMA/CD nctworks or token ring networks, then Lhis is a reasonable assumption.
Iven in situations where link level protocols provide for the existence of multiple
packels on the network simultancously as in seleclive relransmission and go-back-n,
and in systems which allow for the building of a train of packets such as Expressnet,
no consideration is given to the possibilily of simnllanenous transmission by nodes.
Register inscrtion rings{6], DSMA/RN{4] and others[i] have shown thal utilization
greater than 100%(Lhroughput greater than 1.0) is achicvable.

Assume that nodes arc numbered from 1,...,NV and placed in a ring. If node 1
can scnd to node 2 while node 3 sends to node 4, 200Mbps is being transmitted. To
undcrstand the incfficicney of a ring running at close to 100% utilization, consider
not only whether the network is filled with packets, but whether or not the packets
arc doing uscful work, where work which is not useful occurs when packets take up
nelwork capacily but have alrcady been delivered to the recciver.

The focus of the suggestion for improvement in performance of FDDI in this
paper is on rccovering Lthe unuscd packel capacily by removing the packet at the
destination and inscrling ncw packets in their place which T will call destination
insertion. Destinalion insertion will also allow for multiple simultancous transmit-
ters on the nctwork and increased throughpul. The technique is also applicable to

14
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Figure 6: Removing Packel, at Destination

DQDB and token rings in general, althongh the analysis does not address DQDB.

5.1 Destination Insertion

Figure 2 illustrates the removal of the message at the recciver. In the sccond part,
of this diagram, MSG - 2 has reaclied the destination node and is aboul to arrive
back to the original sender, node 4. It has been shaded Lo emphasize that the slot
is only dclivering an acknowledgment and that the capacity of the network is not
being used in an oplimal fashion. In this case the slot could have been used by node
2 Lo Lransmit the message to node 3. Le., two messages could have been delivered
instcad on onc with this packel-slot.

Figure 6 depicts node 2 removing the message from node 4 and al the same time
inscrling its message to node 3. The removal of the token atl node 1 and transimission
of the message from node 1 Lo node 5 is nnaffected by this squeezing of the message
{rom node 2 to node 3 into the train of packets. The squeczed data can not be
longer than the message which it is replacing.

Deslination inseriion works as follows. When a node transmits a message on the
network, the message procecds until it reaches its destination. At thal point it is
marked as reccived and Lhe slot containing Lhe message is available for further usc.
As long as the sloL is on the ring, it can be nsed by other nodes. This raises two

additional questions:



e how long will the slot remaim on Lhe ring, and

e which nodes(tnessages) arve candidates for rensing the slot.

5.2  Restrictions on slot reuse

This message would normally travel al least as far as the oviginal sender and could
counccivably travel even further if the original sender releases the token before the
packet returns. If the time of Lransimission of Lhe message is at least as long as the
propagation delay of Lhe network(a < 1), the message will terminale al the sender.
If the time of transimission is much less that the propagalion delay(a > 1), the token
will leave the node before the messape has made a loop and Lthe message may nol
reach the node holding the token for a significant period of time.

When a < 1, the packel arrives at the sender hefore transimission is complete.
Assume that node 1 liolds the token and has a message for a node i. When node 1
reccives Lhe slob, il is rensable by any node up Lo node 1, but. nol beyond node 1. 11
an atltempt is made Lo send a message past node 1, it will be absarbed by node 1,
the holder of the token. If @ > 1, additional rense could be made of the packet, but
the opportunity for reuse will be terminated at the original sender in this analysis.

Length of packet also presents a problem, as mentioned above. Obviously, a
message which is inserted into the free slol must of lenglh less than the length of
the delivered message. For this analysis, the assumption is made that all packels
are of equal length with the cffect of varying packet lengths to be examined in

subsequent rescarch.

5.3 Objective

If destinalion inserlion recaplures these packets, one expects throughput to increase
and dclay to decrease. The central questions are how much these measures would be
affected and how feasible the implementation would be. Recent papers[6,1,4] have
used similar techiniques Lo show increases on the order of 1.5 to 2 times 100%, but
these papers have nol included any gencralizations as to how this might apply in
an arbitrary case, rather the simulation resulls are for specific cases. I intend o
provide an analysis which will allow one Lo predict the degree to which a method
such as Lhis can improve performance in FDDU or token rings, and Lo show that
a feasible strategy can be developed which does nol mect the maximum, but can

approach it.

5.4 Advantages

One might assume thal the cffect of destination insertion would be simply to provide
for an incrcase in Lhroughput at high loads and have little cffect at low loads.
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However, the method can be shown Lo improve performance in the following areas.
e Throughput will be able to sustain traffic at a much higher load

e Ouc of the major problems with token ring networks is the access delay for
obtaining the token. These extra slols will reduee average access delay to the

nclwork.

o Beccause of the large distance and nnmber of nodes inherent in proposed wide
arca rescarch nets, normal token ring access delays are likely prohibitive. These
additional packels will reduce access delay as mentioned above and reduce the
sensitivity of a token ring network such as 'DDI Lo longer dislances.

5.5 Expccted Maximum Throughput Increase

For this analysis, the assmmptions will be that all nodes always have al least one
packel in the quene, thal destination address space is uniformly distributed among
the nodes, and thal packets arve fixed length. 0f all imessages were destined for the
neighbor, throughput could be inereased by a factor of N, but this is an unlikely
scenario. The result derived is a function of the mumber of nodes, £(n), which
states the factor by which throughput can be expected to improve under heavily
loaded conditions. TFor example, if utilization is currently 80% and the expecled
throughput increase, £(n), is 1.4, then utilization shonld be able Lo reach 112%
under the conditions specified in the assmmplions above for n nodes.

In order to determine the expected throughput lor such a nebwork, consider the
Lraversal of a packel around the network. Assmime that node n removes Lhic token
from the network and transmits a packet. The packet must be destined for one of
the nodes n — 1... . Assume that the packel is destined for node j,n < 3 < 1.
Upon receiving Lthe message, cither

1. node j has a packet available for transmission to node & where j < k << 1 or
k = n which stales thal the message can be squeezed into the now available
slol and removed before it passes Lhe original sender

2. node J has a packet available for transmission Lo node k wheren -1 <k < j
and it can not he squeezad withont a possibility ol being removed by a node
which has the token (specifically node n may still be transmitting, so we
assume that it is in order Lo guarantee viability of the slot)
or

3. therc is no packet in the qucue (which this analysis is ignoring).



Deline £(1) Lo be the expected increase in thoughput given Lhal the slol has as

its destination node 1. Using a recursive derivation, starl with (1).

£(1) = = (11)

because the expected value of increased throughpuat is the probability of the tessage
in the head of the quence being destined for node n (the original sender of the slot
and the only possible node to which node 1 can send), %, times 1 (the number of
messages it can send in the slot) plus the probability that the message at the head
of the quene is for some other node, N—I;'—, Limes 0.

The expected increase al Lhe second node is composed of three Lerms

1. the probability that the message at the head of its queuc is for node n times
ils expecled increase, ’lv Limes | as above,
plus

2. the probability that the message al the head of Lthe queuc is for node | ,,—:,4, Limes
Lhe expected inerease which is 1 plas £(1) beeanse Lthe message is delivered at.
node 1 and can be reused again at node 1 with expected increase £(1)

plus

3. the probability that the message at the head of the node is for ncither node

tnor n, =2 times the expected increase which is also £(1) because the slol
will proceed to node 1 available for reuse

Therclore,
l Sy N =2 1 N =1
E(2) =<+ + E(1) = — 4 ——— 12
(2)=5+— v <) =5+ 3 (12)

For arbitrary node j, the formula can be generalized to

S DR Sl | oy N =J
v(J)=N+Z;‘/§;X(‘+~(’~))+ v X< =1) (13)
I ANED KL YR STt (14)
=37 N xE()—1) i:'z,z
forn<j <3
and
B = , ‘
£() = 35 x (1 +€6)) (15)
i=t !
forj=n
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The first term in Bquation 13 represents the expected increase if the message is
for node n, the original sender, The second Lerm represents Lhe expected inerease
il the message is for a node positioned between the current node j and node 1
which is the squeezed message itsell plus any expected increase once Lhat message
is delivered. The thivd term assames that the slol could nol be nsed so il is passed
on to node j — 1. In the case for j = n, the first termois omilled becanse it would
never send a message Lo node n, itself.

5.6 Overall effectivencss

The following graph show the increase in throughput expected from a traflic place-
ment strategy as described above, "The vesull of interest from the above derivation
is the value of £(n) which deseribes the nnmber of expecled messages delivered
with cach packet as il is transmitted from the node holding Lhe token (n). Figure
7 shows &£(n) versus . One can observe that the effect of such a technique has a
much greater effeet as the number of nodes increases.

Recall that the proper interpretation of this graph is that throughput can be
incrcased by the factor given. Results show that for a 100 node problem which
operates at 90% maximum ulilization, this method will increase thronghpul by a
factor of 3 to 270%. A number of curves are provided. The curve marked Analysis
is the result of caleulating E(n) for various values of n as derived above. The
analytical results can be compared with simmlation results in the curve Simudalion.
The simulation model did not require using an FDDI model and was only modelling
the passing of messages from node to node without delay statistics. Ilere a packet
was allowed to be reused an arbitrary number of times, an impractical assumplion
discussed later. The final two curves in this figure show maximum ntilization when
one limits the number of times which a slol imay be used during a cycle around the

network., Mazr=2 indicates that the slot may be used twice (reused onee).

5.7 Additional Simulation Results

A simulation modecl of FDDI, written in Simnscript, has been developed on Sun work-
stations in order Lo Lest performance issues. A modification was made Lo the model
to allow for the incorporation of destination insertion. It should be noted that the
full advantage of this technigue can not be seen in these results becanse of an incon-
sistency in Lhe original design of Lhe model and the design necessary {or destination
inserlion. A ncw modcl which will be used to show the [ull potential impact for
FDDI is under development. The results shown arc a conservative estimate of the
cffect. :

A number of benefits arise from removal of the message al destination and reuse
of the slot, the first two of which arc investigated in Lhis paper.
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L. As shown previously, Lhronghput can be dramatically increased.
J B )

2. Bven i seenarios where Lhe syslem is not fully loaded, delay characleristics

arc improved.

3. The extensibility of an FDDI network is increased. One of the major limita-
tions of extending an FDDI ring is the large propagation delays experienced
as total network distance increases. These cxtra slots will provide additional
opportunities for transmission beyond Lhe token arrivals, decreasing access

delay.

4. I synchronous Lrallic is required, it is possible Lo set 7T RT valucs at a higher
valuc and still maintain the same average access delay. Raising the TTRT
will allow for higher utilizalion as shown previously.

The effect of access delay where load is less than 100% is shown in igures 8
and 9. TTRT is sct to 5 ms, network rate(/?) at 100 Mbps, packet length(P) is
fixcd at 5000 bits. Figure 8 shows how removal allccts Lhe 10 node case. Figure
9 incorporates the removal vs non-removal for 10, 50 and 100 nodes. Notec that in
every instance using the destination inscrtion technique, access delay at 100% load
is comparablc to access delay al very low loads. It should also be noled that these
runs have not reached the assumplion made in the analysis that all nodes have data
in the queuc; however, the eflect is still significant.
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5.8 Implementation

The noplementation of Lhis techuigue is nol. without a cost, bl Lhe cost is a nominal
onc. Iirst, the recciver must be able Lo recognize Lthe destination address and
mark the packet as delivered. Second, the marking of the packet must be in such
a manner as lo allow for obher nodes to deterinine that the packet has alrcady
rcached the destination. Placing the header al the beginning of the packet allows
for interpretation of the source and destinalion. This would make it possible for a
receiver to determine if the packel had already been delivered, but the process of
making the decision would be simplest if the receiver marked a 1 bit slot at the end
ol the hieader Lo indicate thal the packet had been reccived. All subscquent nodes
wonld recognize this similar Lo recognizing the token and transmit the data.

Token rings allow the original message to propagale back to the sender before
being removed. This provides and acknowledgement mcchanisin that the message
has been delivered and has circulated around the ring corrcctly. However, reccipt of
the original message is not required. Many prolocols only require an acknowledge-
ment of some Lype from Lhe recciver. This can be done much more efficiently that
using the cutire packel slot for acknowledgment. I sufficicnt room is left at the end
ol the packet, the acknowledgement from the receiver can be accommodaled. This
would requirc an additional header/trailer combination for the reuse of Lhe packet as
shown in Figure 10. The nmunber of these extra header/trailer combinations would
be equal to the number of Limes of cxpected reuse of the packel. Of course, in the
best case, all nodes would want to use the slot requiting N X (Pyaiter + Pheader) OVer-
head, an unacceptable price Lo pay. However, a valuce closer Lo the average number
of uses of the slot could be used. For example, if on the average for a given number
of nodcs, the packet would be used 3 times, the overhead of 3 packet/trailer entries
would be a rcasonablc one.
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6 Conclusions

This paper has shown some of the limitations of FDDI Those limitations arc
strongly a [unction of number of nodes and network distance. A tradeoll exists
between maxinun utilization and the network access as delermined by the TTIR'T.
Return of the token within an average specificd time can be guaraniced bul use of
the token cannot. It has been shown that sctting TTRT lower reduces ulilization.
Reduced utilization in turn will increase access dclay, the reverse of the desired
cllcct.

Scalability of FDDI in the 500 node, 50IKm range up to gigabit specds is not
without, some proportional loss in performance. Simply increasing the transmitter
speed by a factor of Len does nol translate directly into being able to dcliver ten
times the data with similar access delays.

One method of improving the extensibility of DD is to remove packets al Lhe
destination and make thosc packels available for reusc as they continue circulating
around the ring. This has been shown Lo have an expecled increase of over Lwice
the capacity of the network for more Lthan 20 nodces when the network is fully loaded
and to reduce access delay in cases where the network is less than fully loaded.
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